Peptide motifs embedded within intrinsically disordered regions (IDRs) of proteins are often the sites of posttranslational modifications that control cell-signaling pathways. How do IDR sequences modulate the functionalities of motifs? We answer this question using the polyampholytic C-terminal IDR of the cell cycle inhibitory protein p27
Peptide motifs embedded within intrinsically disordered regions (IDRs) of proteins are often the sites of posttranslational modifications that control cell-signaling pathways. How do IDR sequences modulate the functionalities of motifs? We answer this question using the polyampholytic C-terminal IDR of the cell cycle inhibitory protein p27
Kip1 (p27). Phosphorylation of Thr-187 (T187) within the p27 IDR controls entry into S phase of the cell division cycle. Additionally, the conformational properties of polyampholytic sequences are predicted to be influenced by the linear patterning of oppositely charged residues. Therefore, we designed sequence variants of the p27 IDR to alter charge patterning outside the primary substrate motif containing T187. Computer simulations and biophysical measurements confirm predictions regarding the impact of charge patterning on the global dimensions of IDRs. Through functional studies, we uncover cryptic sequence features within the p27 IDR that influence the efficiency of T187 phosphorylation. Specifically, we find a positive correlation between T187 phosphorylation efficiency and the weighted net charge per residue of an auxiliary motif. We also find that accumulation of positive charges within the auxiliary motif can diminish the efficiency of T187 phosphorylation because this increases the likelihood of long-range intra-IDR interactions that involve both the primary and auxiliary motifs and inhibit their contributions to function. Importantly, our findings suggest that the cryptic sequence features of the WT p27 IDR negatively regulate T187 phosphorylation signaling. Our approaches provide a generalizable strategy for uncovering the influence of sequence contexts on the functionalities of primary motifs in other IDRs.
p27 | motif | disordered regions I ntrinsically disordered proteins and regions (IDPs/IDRs) serve as scaffolds for short linear motifs, which are highly conserved functional sequence modules that are typically 3-to 10-residues long (1, 2) . Motifs often mediate protein-protein interactions and they encompass sites of specific posttranslational modifications that control a range of regulatory functions in cells (3) . An example of cellular regulation that is achieved through posttranslational modifications of specific residues in motifs is the control of cell cycle arrest through Tyr and Thr phosphorylation in linear motifs within the cell cycle inhibitor protein p27 Kip1 . Progression through the mammalian cell cycle is controlled by the interplay between cyclin-dependent kinases (Cdks), cyclins, and the Cip/Kip family of Cdk inhibitors that includes p27 Kip1 -referred to hereafter as p27 (4) . In isolation, p27, which is disordered (5), encompasses two functional domains. The N-terminal domain (p27 ) folds upon binding to Cdk2/cyclin A, resulting in complete kinase inhibition. Conversely, whereas p27 folds upon binding to Cdk2/cyclin A, the C-terminal domain (p27 ) remains disordered and participates in a phosphorylation/ubiquitination-signaling cascade (6) (Fig. 1) . Proliferative signals cause the activation of nonreceptor tyrosine kinases (NRTKs) that phosphorylate p27 within the Cdk2-bound N-terminal domain at Tyr-88 (Y88) (7) . Phosphorylation of Y88 leads to partial restoration of the kinase activity of Cdk2 that is achieved without releasing p27 from the complex with Cdk2/cyclin A; this triggers intracomplex phosphorylation of Thr-187 (T187) near the C terminus of p27, creating a phosphodegron site (8) . Subsequent recruitment of the E3 ubiquitin ligase, SCF Skp2 (9, 10), catalyzes polyubiquitination of three lysine-containing motifs within p27 (11) . Polyubiquitinated p27 is then selectively degraded by the 26S proteasome, releasing fully active Cdk2/cyclin A to drive progression of the cell cycle into S phase (7) . T187 is part of the primary substrate motif T 187 -P 188 -K 189 -K 190 . Phosphorylation of T187 is the key signaling step that leads to p27 degradation and full activation of Cdk2/cyclin A, and this signaling reaction is enabled by disorder within p27 (6) . Here, we investigate the impact of changes to sequence-encoded disorder on the conformational properties of p27 and the efficiency of T187 phosphorylation. This investigation was motivated by recent studies showing that the conformational properties and the degree of disorder of IDPs/IDRs are influenced by sequence attributes such as the net charge per residue (NCPR) and the fraction of charged residues (12) (13) (14) (15) (16) (17) (18) . Importantly, a majority of IDPs/IDRs, including p27 , are polyampholytes that are enriched in both positively and negatively charged residues (19) (20) (21) . In polyampholytes, the sequence patterning of oppositely charged residues is predicted to modulate the degree of chain expansion/compaction and the amplitudes of conformational fluctuations (20) . Alterations to the linear patterning of oppositely charged residues leads to changes in the sequence-specific NCPR profiles and these changes can be quantified using a single parameter κ (20) . In sequences with low κ values, the oppositely charged residues Significance Intrinsically disordered regions (IDRs) of proteins are scaffolds for linear motifs that mediate protein-protein interactions and are the sites of posttranslational modifications. Using the cell cycle inhibitory protein p27 as an archetypal example, we show that the patterning of oppositely charged residues controls the conformational properties of IDRs. Charge patterning also encodes for auxiliary motifs within IDRs. We find that the functionalities of primary motifs are modulated by a combination of the net charge per residue within auxiliary motifs and their intra-IDR interactions that result from sequence-encoded charge patterning. These findings demonstrate that the sequences of IDRs are not just passive scaffolds for motifs. Instead, they encode features that regulate the functions of primary motifs.
are well mixed. In such sequences, intrachain electrostatic repulsions and attractions are mutually screened and the result is a heterogeneous ensemble of expanded, random coil-like conformations (20) . In contrast, in sequences with high κ values, the opposite charges are segregated within the sequence and electrostatic attractions dominate. The result is an ensemble of compact conformations.
We used sequence design to uncover the role of charge patterning on the conformations of p27 and the impact, if any, on the efficiency of T187 phosphorylation. Specifically, we generated distinct variants of p27 by manipulating the charge patterning of its sequence between residues 100 and 180 while keeping the amino acid composition fixed. The sequence of the primary motif and its immediate sequence context, namely, positions 181-198, were also held fixed in the designed variants. In a motif-centric model, the efficiency of T187 phosphorylation should depend only on the presence or absence of the primary substrate motif and be insensitive to sequence changes within the unconstrained region of p27. However, contrary to a purely motif-centric model, we have uncovered cryptic sequence features within p27 that regulate T187 phosphorylation. Our findings suggest that the p27 IDR is not just a passive tether between the primary motifs encompassing Y88 and T187. Instead, the sequence features within p27 actively regulate the coupling of Y88 and T187 phosphorylation.
Results
Design Strategy. For a given sequence stretch, the NCPR is calculated as (f + -f -), where f + and f -, respectively, denote the fraction of positively and negatively charged residues. In our design strategy the amino acid composition of p27 between residues 100 and 180 was fixed, whereas the linear sequence was varied to yield p27 variants with different NCPR profiles and different values of κ ( Fig.  2A) . In a NCPR profile (Fig. 2B) , the numeric value for each sequence position is the NCPR within a window of five residues that is centered on the residue in question (20) . The primary substrate motif is embedded in a region of net positive charge, which is complementary to the charged Cdk2 surface near the binding groove for the substrate (SI Appendix, Fig. S1 ). Therefore, in all of the design variants we fixed the sequence of the C-terminal 18 residues of p27 (181) (182) (183) (184) (185) (186) (187) (188) (189) (190) (191) (192) (193) (194) (195) (196) (197) (198) . This constraint guards against disruptions to the primary substrate motif. We use the following conventions to refer to the p27 sequence variants: p27 refers to the full-length construct, whereas p27-C refers to a C-terminal construct containing residues 96-198 and a four-residue, nonnative, N-terminal extension. Within full-length p27, we refer to the disordered C-terminal region (residues 96-198) as the p27 IDR.
Each variant of p27 is characterized by a distinct amino acid sequence corresponding to positions 100-180 within p27 and is referred to as p27-vXY. Here, XY is a two-digit number that corresponds to the κ value, multiplied by 100, which is calculated over all residues in the p27 IDR. As an illustration, p27-v14 and p27-C-v14 refer to the sequences of p27 and p27-C, respectively, where the sequence of the p27 IDR has a κ value of 0.14.
Our design constraints restrict our choices to sequences within the range 0.1 ≤ κ ≤ 0.8. Even with this restriction, the number of conceivable sequences is astronomically large (SI Appendix, Fig. S2 A and B). To obtain a systematic assessment of the impact of varying the NCPR profile on the conformational properties and functions modulated by the p27 IDR, we generated 11 sequence variants of the p27 IDR sequence to be compared with the properties of the WT sequence. The κ values of these variants uniformly span the interval 0.1 ≤ κ ≤ 0.8 (SI Appendix, Fig. S2C ). A total of 5 of the 11 designed sequences were amenable to overexpression in Escherichia coli and purification for in vitro studies. These include the p27-C variants expressed as isolated domains and the full-length variants of p27. All biophysical characterization, computer simulations, and biochemical studies of T187 phosphorylation efficiencies were performed using five designed variants ( Fig. 2A ) and the results obtained were compared with those obtained using the WT sequence. In addition to these designs, we included 4 other sequences, and their design was motivated by our functional studies as discussed toward the end of Results.
Global Conformational Properties of p27 Variants. We performed atomistic temperature replica exchange Metropolis Monte Carlo simulations (22) using the ABSINTH implicit solvation model and force field paradigm (23) for each of the p27-C-vXY sequences shown in Fig. 2A . The results in Fig. 3A illustrate the inverse correlation between the ensemble averaged radii of gyration (R g ) and κ. Predictions from simulations were tested using small-angle X-ray scattering (SAXS) measurements to determine the R g values for each of the p27-C variants. The numerical R g values obtained from analysis of simulation results and SAXS data are shown in SI Appendix, Table S1 . The R g values from simulations and SAXS data are positively correlated with a Pearson r value of 0.97 (Fig. 3B ). The influence of charge patterning on the dimensions of p27-C-vXY constructs was also reproduced in the context of the full-length p27-vXY constructs bound to Cdk2/cyclin A; this is shown using data obtained from SAXS and size-exclusion chromatography measurements ( Fig. 3C and SI Appendix, Fig. S4 and Table S1 ).
The impact of designed changes to sequence-encoded NCPR profiles on the global conformational properties and the pattern 
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Step 2 Step 3 Step 4 . This allows for intracomplex phosphorylation of p27 at T187 by Cdk2 and creates a phosphodegron (step 2). Recruitment of the SCF Skp2 E3 ubiquitin ligase leads to ubiquitination of lysine residues within p27-C (step 3) followed by selective degradation of p27 by the proteasome (step 4) and release of the fully active Cdk2/cyclin A. The primary sequence of the p27 IDR is shown with positively and negatively charged residues depicted in blue and red, respectively. The primary substrate motif is highlighted in yellow.
of ensemble-averaged intramolecular distances for different p27-C-vXY constructs are summarized in SI Appendix, Figs. S5-S9. Variants with low κ values are characterized by larger distances between pairs of residues that are far apart in the linear sequence. However, as the value of κ increases, there is increased likelihood of sampling conformations with long-range attractions as evidenced by the pattern of shorter distances between pairs of residues that are far apart in the linear sequence. The scaling of spatial separation as a function of sequence separation (SI Appendix, Fig. S7 ) suggests that the patterns of interresidue distances are consistent with those of canonical Flory random coils (24) for p27-C-v14, p27-C-v15, p27-C-v31 (WT), and p27-C-v44. For variants p27-C-v56 and p27-C-v78, the distance profiles deviate toward shorter distances for longer sequence separations.
Finer details regarding the conformational ensembles of p27-C-vXY constructs were also analyzed experimentally for a subset of the variants. NMR spectroscopy was used to study the conformational ensembles of p27-C-v14, p27-C-v31, and p27-C-v56. Twodimensional Fig. S10A ). These data are also consistent with previous observations for the WT sequence, which is designated here as p27-C-v31 (6) . Analysis of 13 C secondary chemical shift values indicates a lack of persistent secondary structure. Similarly, 15 N relaxation data show that residues within the three constructs exhibit similar local correlation times (SI Appendix, Fig. S10B ). We also performed measurements of paramagnetic relaxation enhancements (PREs) using constructs where Gly-192 was mutated to Cys for paramagnetic labeling. These data (SI Appendix, Fig. S11 ) are consistent with the simulation results (SI Appendix, Fig. S12 ). The PRE data for p27-C-v56 are indicative of long-range interactions, which is consistent with this construct being significantly more compact than the other two variants.
The collection of simulation results and experimental data demonstrate that the sequence-encoded NCPR profiles determine the global conformational properties of p27-C and p27. These results are consistent with previous predictions (20) . To our knowledge, they also represent the first head-to-head comparisons between simulations and experiments with regard to the effects of charge patterning on the conformational properties of a naturally occurring IDR. To measure the impact of designed changes to the p27 IDR on T187 phosphorylation we mutated Y88 to Glu (Y88E) in all of the constructs. This mimics Y88 phosphorylation and induces partial activation of Cdk2 within the p27-vXY/Cdk2/cyclin A complexes. In these experiments, the N-terminal domain of p27 remains bound to Cdk2 and we measure the efficiency of T187 phosphorylation within the ternary complex; this is designated as the "in cis" mechanism of T187 phosphorylation. Fig. 4 shows the relative efficiencies of T187 phosphorylation via the in cis mechanism for different p27-vXY variants. These data were obtained at a concentration of 2 μM of the p27-vXY/Cdk2/cyclin A ternary complex; data for two other concentrations of the ternary complex are shown in SI Appendix, Fig. S13 . Surprisingly, the relative efficiency of T187 phosphorylation is lowest for the WT construct (p27-v31). Among the designed sequence variants, p27-v14 and p27-v56 exhibited the lowest and the highest relative efficiencies, respectively.
We also measured T187 phosphorylation efficiencies using p27-vXY constructs with WT Y88 bound to Cdk2/cyclin A with 1:1:1 stoichiometry. With this experimental design, Cdk2/cyclin A phosphorylates T187 within p27-vXY constructs through an intermolecular ("in trans") mechanism (7), which is due to the small fraction of catalytically active Cdk2/cyclin A that is dissociated at equilibrium from the p27-vXY constructs. We imagined two scenarios regarding the influence p27-IDR sequence features on the in cis and in trans T187 phosphorylation mechanisms (SI Appendix, Fig.  S14 ). First, if the varied region of the IDR is an inert tether, then altering its compaction/expansion by varying κ should influence phosphorylation efficiency by the in cis mechanism (by indirectly affecting the accessibility of T187 within the primary motif to the Cdk2 active site) but not by the in trans mechanism. Second and in contrast, if segments within the IDR apart from the primary motif (e.g., an auxiliary motif) participate in some aspect of the phosphorylation mechanism, then κ-dependent sequence variations could affect both the in cis and in trans mechanisms. We observed that the relative efficiencies of T187 phosphorylation by the two mechanisms are positively correlated with each other (Fig. 5 ). This finding implies that specific sequence features that differ among the p27-vXY constructs variably contribute to the efficiency of T187 phosphorylation and that the varied region of the p27 IDR is not an inert tether.
Uncovering Cryptic Sequence Features That Govern T187 Phosphorylation
Efficiencies. The preceding observations suggest that the measured differences in phosphorylation efficiencies are attributable to sequence-encoded differences among p27-vXY variants. Our analysis shows that the global conformational properties of p27-vXY variants are poorly correlated with the measured phosphorylation efficiencies (SI Appendix, Fig. S15 ), which rules out simple models that invoke a direct role for global expansion/compaction as the determinant of the observed sequence-specific changes to T187 phosphorylation efficiencies. Given the significance of electrostatic interactions between phosphorylation substrates and the active site region of Cdk2/ cyclin A (25-28), we hypothesized that enhanced efficiency of T187 phosphorylation in p27-vXY variants with respect to the WT sequence might be modulated by the net charge per residue within sequence regions N-terminal to the primary substrate motif in p27.
We quantified the weighted NCPR in nonoverlapping sequence windows-auxiliary motifs-that are N-terminal to the primary substrate motif. The weighted NCPR is defined as: wNCPR = Fig. S16 ). We imposed three additional constraints, namely, w 1 = 1, w i+1 < w 1 , and w i+1 ≤ w i for i ≠ 1 on the feature selection procedure. As a result, the free parameters in the model are the window length L, which fixes the number of nearest-neighbor sequence windows n and the weights w i for windows i ≠ 1. Setting n = 2 leads to Pearson correlation coefficients between the in cis phosphorylation efficiencies and wNCPR that are larger than 0.9. Therefore, we restricted the feature selection to the minimalist model comprising two sequence windows. A flowchart outlining the algorithm is shown in SI Appendix, Fig.  S17 . It is worth emphasizing that wNCPR, which is calculated across n windows, each of size L, is distinct from κ, which summarizes the global patterning of oppositely charged residues across the entire sequence. A.U., arbitrary units.The error bars denote SDs from three independent experiments. These data were obtained at a concentration of 2 μM for the p27-vXY/ Cdk2/cyclin A ternary complex.
We uncovered a strong positive linear correlation between data for the normalized relative efficiencies of T187 phosphorylation and wNCPR values in an auxiliary motif for wNCPR values less than +0.1 (Fig. 6) . However, this analysis reveals one clear outlier (corresponding to p27-v78 with a wNCPR > +0.3). If data for this construct are excluded (as discussed below), the Pearson r value that quantifies the linear correlation between the normalized relative phosphorylation efficiencies and wNCPR exceeds 0.9. The parameters for the auxiliary motif in the model, which exhibits the largest correlation coefficient are n = 2, L = 10, w 1 = 1.0, and w 2 = 0.26. The auxiliary motif lies outside the primary substrate motif and spans at most 20 residues directly N-terminal to position 181. The prediction is that T187 phosphorylation efficiencies increase linearly as wNCPR values in the auxiliary motif become less negative because this should assist in steering and docking the primary substrate motif to the active site of Cdk2.
We addressed the issue of p27-v78 and possibly other constructs as outliers using a leave-one-out cross-validation procedure (SI Appendix, Figs. S18-S24). Leaving out data for four of the six variants, one at a time, did not improve the Pearson r values, whereas leaving out the data for p27-v56 improved the Pearson r values for a small range of L values (9-11). Strikingly, leaving out data for p27-v78 dramatically improved Pearson r values across the entire range of L values. The lowering of the phosphorylation efficiency of T187 for p27-v78 can be attributed to long-range intrachain interactions within the p27-v78 IDR. Indeed, simulation results showing the ensemble-averaged interresidue distance maps and interresidue contact maps show evidence of long-range interactions for p27-v56 and p27-v78 IDRs (SI Appendix, Figs. S6 and S25). Importantly, electrostatic attractions within p27-v78 sequester the primary and auxiliary motifs in intrachain contacts. As a result, p27-v78 has lower phosphorylation efficiencies despite having the most positive value of wNCPR among all of the variants.
Our analysis leads to the hypothesis that the wNCPR values of the auxiliary motif and the intra-IDR interactions that involve the auxiliary and primary motifs should compete with one another to influence the efficiency of T187 phosphorylation. To test our hypothesis, we measured the in cis T187 phosphorylation efficiencies for additional variants of p27. We designed new variants of the p27-IDR that enable a titration of the auxiliary motif wNCPR, while maintaining the WT κ value and achieving the highest possible sequence similarity to the WT sequence. These constraints were deployed to probe the effects of changes in auxiliary motif wNCPR values, while making minimal perturbations to the positions of neutral residues and the WT κ value. We designed 22 sequences in silico and selected seven of these for synthesis, expression, and purification. Four of the seven sequences were amenable to expression and purification and these were deployed in functional assays. The four new variants are designated as: p27-v31 (-0.30) , p27-v31 (-0.10) , p27-v31 (0.00) , and p27-v31 (+0. 25) , where the superscript refers to the wNCPR value within the auxiliary motif. If the value of auxiliary motif wNCPR were sufficient as a determinant of the efficiency of T187 phosphorylation, then we would expect a linear increase in functional activity as the wNCPR value increases from -0.3 to +0.25. If there were a convolution between the wNCPR of the auxiliary motif and the sequence-encoded intra-IDR electrostatic interactions, then we would expect deviations from the linear correlation between functional activity and wNCPR. Based on the sequence-encoded NCPR profiles (SI Appendix, Fig. S26 ), we expect there to be inhibitory long-range intra-IDR interactions for the variants p27-v31 (0.00) and p27-v31 (+0. 25) . The measured T187 phosphorylation efficiencies for the four new variants are shown in Fig. 6 . The data for p27-v31 (-0.30) and p27-v31 (-0.10) are in line with the expected positive correlation between T187 phosphorylation efficiency and the wNCPR value of the auxiliary motif. However, this is not the case for p27-v31 (0.00) and p27-v31 (+0. 25) , which suggests that if the wNCPR exceeds a threshold positive value, then competing long-range , respectively. This model predicts the normalized relative efficiency of T187 phosphorylation as a function of the wNCPR within the auxiliary motif of p27-vXY. The solid diamonds are data for p27-v31 (-0.30) , p27-v31 (-0.10) , p27-v31 (0.00)
, and p27-v31 (+0. 25) , respectively, and test the generality of the linear model in sequences where the κ value is fixed and wNCPR is varied by changes to the NCPR profile.
intra-IDR interactions can diminish the enhancement of phosphorylation efficiencies that would be expected from the positive auxiliary motif wNCPR values. Simulations show that p27-C-v31 (+0.25) is considerably more compact (R g ∼ 24 Å) than would be expected based on its κ value alone. The accumulation of positive charge within the auxiliary motif leads to the concomitant dispersion of negatively charged residues across the region that is N-terminal to the auxiliary motif. This promotes long-range intra-IDR interactions that involve the primary and auxiliary motifs (SI Appendix, Fig. S27 ).
Discussion
Our functional studies suggest that the efficiency of T187 phosphorylation depends on three factors: (i) the primary motif that encompasses the phosphosite; (ii) the interactions of the auxiliary motif with Cdk2, which appear to be governed by the wNCPR of the auxiliary motif; and (iii) the strength of long-range intramolecular interactions of the primary and auxiliary motifs with the N terminus of the p27 IDR. Factors (ii) and (iii) are intrinsically coupled to the wNCPR value of the auxiliary motif and charge patterning across the remainder of the sequence. The latter emerges as a consequence of achieving a particular wNCPR value within the auxiliary motif. If the wNCPR within the auxiliary motif becomes less negative without an accompanying increase in intra-IDR electrostatic interactions, then the efficiency of T187 phosphorylation will increase. Conversely, if making wNCPR less negative or increasingly positive leads to concomitant increases in intra-IDR electrostatic attractions that involve the primary and/or auxiliary motifs, then the efficiency of T187 phosphorylation will be reduced. Given these two opposing effects, the implication is that for a given κ value, there should be sequences with specific wNCPR values and charge patterns outside the auxiliary motif that either minimize or maximize the efficiency of T187 phosphorylation. Indeed, there exist a large number of sequences with a range of wNCPR values for a given κ value (SI Appendix, Fig.  S28 ). Therefore, it should be feasible to perform systematic, highthroughput experiments to uncover, for a given κ value, the wNCPR value within the auxiliary motif that minimizes/maximizes the efficiency of T187 phosphorylation.
T187 phosphorylation is the essential step that controls progression of the cell cycle to the S-phase. Negative regulation by cryptic sequence features within the p27 IDR should slow its ubiquitination and degradation, as well as slow progression of the cell cycle to the S-phase. The fact that we were able to design p27-vXY constructs that signal more efficiently than WT p27 suggests that this critical cell cycle regulatory system may have evolved to suppress the efficiency of T187 phosphorylation and the kinetics of cell cycle progression. Multiple sequence alignments show that the amino acid composition of the p27 IDR is absolutely conserved across orthologs (SI Appendix , Fig. S29) ; this leads to absolute conservation of the wNCPR of the auxiliary motif and hence the pattern of intra-IDR interactions between primary/auxiliary motifs and their N-terminal contexts.
Cryptic sequence features do not appear to be unique to the p27 IDR. Indeed, their existence was previously postulated (29) . Their impact has been established for the C-terminal region of the core subunit of the Polycomb repressive complex 1 that compacts chromatin and inhibits chromatin remodeling (16) and in the Nck system that undergoes phase separation via interactions with polyvalent partners (30) . Our analysis clearly shows that the sequence context of an IDR can modulate the functionality of a primary motif. This analysis uncovers two plausible cryptic sequence features that confer a modulatory role on the IDR sequence context. Of course, there could be many more features that play further modulatory roles and high-throughput studies driven by sequence design should provide a powerful approach for a comprehensive uncovering of cryptic, functionally relevant sequence features in IDRs.
Materials and Methods
Atomistic Monte Carlo simulations were performed using the CAMPARI molecular modeling suite (campari.sourceforge.net) and were based on the ABSINTH implicit solvation model and forcefield paradigm (23) . Details of the simulation procedures and analysis of conformational ensembles are presented in SI Appendix, Section 2. The SAXS experiments were conducted at the Advanced Light Source, a national user facility operated by Lawrence Berkeley National Laboratory. Details of the experimental methods and analysis including the design, preparation, and purification of constructs, SAXS data collection and analysis, NMR spectroscopy, and kinase assays are described in detail in SI Appendix, Section 3.
